Deterministic Controlled-NOT gate for single-photon two-qubit quantum logic 
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We demonstrate a robust implementation of a deterministic linear-optical Controlled-NOT 
(CNOT) gate for single-photon two-qubit quantum logic. A polarization Sagnac interferometer 
with an embedded 45°-oriented dove prism is used to enable the polarization control qubit to act 
on the momentum (spatial) target qubit of the same photon. The CNOT gate requires no active 
stabilization because the two spatial modes share a common path, and it is used to entangle the 
polarization and momentum qubits. 



PACS numbers: 03.67.-a, 03.67.Lx, 42.50.Dv, 03.67.Mn 



o 
o 

X 



m . 
(N ' 

> : 

oo . 
o ■ 

(N : 
o . 

o : 

^ ■ 

a,: 

^— > ■ 
c ■ 

3 : 
cr 



X 



Knill, Laflamme, and Milburn [| show that proba- 
bilistic two-qubit operations implemented in linear opti- 
cal circuits with ancilla photons can be used to build a 
scalable quantum computer. Their work has stimulated 
much attention on the experimental realization of lin- 
ear optics quantum computation (LOQC) protocols, and 
simple two-qubit gates based on quantum interference 
and postselection have been demonstrated . 

It has been recognized that building a deterministic 
QIP is possible for systems that use several degrees of 
freedom of a single photon to encode multiple qubits 
. This type of QIP cannot be used for general-purpose 
quantum computation because it requires resources that 
grow exponentially with the number of qubits. Never- 
theless, there is a growing interest in few-qubit QIPs. 
Small deterministic QIPs have been used to demonstrate 
basic quantum logic protocols 0. Several authors have 
suggested the use of three- or four-qubit QIP based on 
two degrees of freedom of a photon in combination with 
sources of hyperentangled photons (i.e., photons that are 
entangled in more than one degree of freedom) for an 
all-or-nothing demonstration of nonlocality 5] , complete 
Bell's state measurements |(|, and quantum cryptogra- 
phy ■ Small QIPs have also been proposed as a way to 
implement quantum games Q . Kim @ has demonstrated 
the creation of entanglement between the polarization 
and momentum qubits of a single photon by introduc- 
ing two possible paths for the single photon and allowing 
the phase and polarization for each path to be controlled 
separately. This method may have limited application 
potential due to the interferometric arrangement of the 
two paths. 

The utility of single-photon two-qubit (SPTQ) QIP 
depends on one's ability to create and manipulate the 
individual qubits (qubit rotation) and to implement two- 
qubit quantum gates in a robust experimental setup. In 
this Letter, we demonstrate the first experimental real- 
ization of a deterministic linear optical Controlled-NOT 
(CNOT) gate for two-qubit photons, with the polariza- 
tion serving as the control qubit and the momentum as 



the target qubit. Our implementation eliminates a road- 
block for SPTQ quantum logic protocols by using a sim- 
ple and compact polarization Sagnac interferometer with 
an internal dove prism oriented at 45° that requires no 
stabilization of the path lengths. This SPTQ CNOT gate 
can be utilized to perform a variety of quantum logic 
operations that are necessary for SPTQ QIP implemen- 
tation. In particular, we have used it to demonstrate 
the ease and efficiency of entangling the polarization and 
momentum qubits of a single photon. Finally, the SPTQ 
CNOT gate is especially suitable for use with entangled 
photon pairs for creating more complex entangled states 
of three or more qubits and opens the way to the imple- 
mentation of SPTQ procotols for few-qubit QIP. 
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FIG. 1: Schematic of experimental setup. PPKTP: peri- 
odically poled KTP crystal. PBS: polarizing beam splitter. 
HWP: half-wave plate. DP: dove prism. BS: 50-50 beam 
splitter. BB: beam block that allows one to block the L or R 
part of the beam. IF: 1-nm interference filter centered at 797 



As shown in Fig. ^ the CNOT gate is a polariza- 
tion Sagnac interferometer containing a dove prism whose 
base is oriented at a 45° angle relative to the horizontal 
plane. This interferometer is similar to a non-polarizing 
Sagnac interferometer for measuring the spatial Wigner 
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function [T^j. The input polarizing beam splitter (PBS2) 
directs horizontally (vertically) polarized input light to 
travel in a clockwise (counterclockwise) direction. As 
viewed by each beam, the dove prism orientation is dif- 
ferent for the two counter-propagating beams such that 
the transformation of the input spatial image differs for 
the horizontal (H) and vertical (V) polarizations. Specif- 
ically, the top-bottom (T-B) sections of the input beam 
are mapped onto the right-left (R-L) sections of the out- 
put beam for H -polarized light but onto the L-R sections 
for F-polarized light. If we identify \H), \T), and \R) 
with the logical |0) and | V), \B), and \L) with the logical 
|1), this setup implements a polarization-controlled NOT 
(P-CNOT) gate in which the polarization is the control 
qubit and the momentum (or spatial) mode is the target 
qubit. A key advantage of the Sagnac interferometer is 
that the same amount of phase delay is added to the two 
counterpropagating beams, thus removing the need for 
active control of the interferometer. We should point out 
that the complementary momentum-controlled NOT (M- 
CNOT) gate in which the momentum is the control qubit 
and the polarization is the target qubit can be realized 
with a half-wave plate (HWP) oriented at 45° relative to 
the horizontal position and inserted in the path of the B 
beam. It can also be shown ^3] that it is possible, us- 
ing linear optical components, to perform arbitrary qubit 
rotation on either the polarization or momentum qubit 
without disturbing the state of the other qubit of a single 
photon. 

Figure 1 shows the experimental setup for demon- 
strating the CNOT gate operation. A 10-mm-long 
periodically poled hydrothermally grown potassium ti- 
tanyl phosphate (KTP) crystal (9.0-/im grating period) 
was continuous- wave (cw) pumped at 398.5 nm for 
type-II collinear frequency-degenerate parametric down- 
conversion We have previously obtained a signal- 
idler quantum interference visibility of 99% for this 
source. The idler-triggered signal beam was used as a 
single-photon source for the input to the CNOT gate. 
The orthogonally polarized signal and idler photons were 
separated by PBS1 in Fig. 1, and the signal polarization 
could be rotated by HWP1. We used postselection to 
set the signal momentum (T or B). We first had to ver- 
ify that the down-converted photon pairs show correla- 
tion in momentum {T-B). To do this we collimated the 
down-converted photons and sent them through a mask 
with two apertures (1.5 mm diameter, 2.5 mm center-to- 
center distance) that defined the top and bottom beams. 
After the PBS1 the ff-polarized signal and F-polarized 
idler were separated, spectrally filtered with a 1-nm in- 
terference filter (IF) centered at 797 nm, and detected by 
two Si photon-counting modules (Perkin Elmer SPCM- 
AQR-14). Signal-idler coincidence counts were measured 
with a fast AND gate based on positive emitter coupled 
logic (PECL) with a coincidence window of ^lns . 
The 1-ns coincidence window and singles count rates of 
less than 10 5 /s ensure negligible accidental coincidence 
counts. When we blocked the top (bottom) idler beam 



after PBS1 to pass the bottom (top) idler photons, only 
the top (bottom) signal beam yielded coincidences, thus 
establishing the momentum correlation between the sig- 
nal and idler photons. We used the same collimation and 
mask setup for the input to the CNOT gate. By block- 
ing either the T or B section of the idler with the beam 
blocker (BB1), we were able to postselect the momentum 
state of the signal photon to be T or B, respectively. 

Momentum entanglement in spontaneous para- 
metric down-conversion is the basis for the generation of 
polarization entanglement from a noncollincarly phase- 
matched down-conversion crystal by use of overlapping 
cones of emitted photons . One can therefore take ad- 
vantage of the natural momentum entanglement of down- 
converted photon pairs to generate more complex entan- 
gled states. The state of a pair of down-converted pho- 
tons is: 

|6) = -L (|0110) + 10011)) , (1) 

where the four qubits are written in the form of 
\PsMsPiMi) for the polarization (P) and momentum 
(M) qubits of the signal (S) and idler (I) photons. Ap- 
plying SPTQ quantum logic to a pair of entangled pho- 
tons presents some interesting possibilities. For exam- 
ple, a swap operation can be realized with a sequence of 
three CNOT gates. If we apply the swap operation (a 
P-CNOT gate, followed by a M-CNOT gate and another 
P-CNOT gate) to both photons of |0), we transform the 
momentum-entangled state to a polarization-entangled 
state 

\e) Swap = -j= (|iooi) + |ooii)). (2) 

Another example is the application of a single M-CNOT 
gate to both signal and idler photons to obtain the four- 
qubit Greenberger-Horne-Zeilinger (GHZ) state 

\e) GHZ = ^= (|iiio) + |oooi)). (3) 

We characterized the CNOT gate by injecting in turn 
each of the four natural basis states of the SPTQ \PM) 
basis and analyzing the output state by means of BB2 
and HWP2. Single-photon input is guaranteed by signal- 
idler coincidence counting. We note that for the PBS 
used in the CNOT gate setup, the i/-polarizcd light 
suffered a ~10% transmission loss (~5% per passage 
through PBS2). This imbalance was corrected by insert- 
ing inside the Sagnac interferometer a thin glass plate 
near the Brewster angle for the horizontal polarization 
and rotating it to introduce an appropriate amount of 
differential loss between the two polarizations. Figure 2 
displays the measured truth table of the CNOT gate, 
showing clearly the expected behavior of the gate. For 
each input state the probability sum of the erroneous 
outcomes is only ~1%. There is a slight asymmetry be- 
tween the H- and ^-polarized outputs because the thin- 
plate compensation was not perfect. The table of truth 
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FIG. 2: Coincidence count rates as a function of the projected 
output state for a given input state. 




Analysis angle 6 A (deg.) 

FIG. 3: Characterization of the entangled state \^)out by 
projecting it onto (circles) and \^)2 (squares) versus 

analysis angle 6a- The lines are fits to the data. 



we measured is a necessary consequence but not a suffi- 
cient proof that the device is a CNOT gate, whose com- 
plete characterization requires quantum process tomog- 
raphy that is experimentally challenging and time 
consuming. However, as an indirect proof of its CNOT 
functionality, it is adequate to demonstrate that the gate 
preserves quantum coherence and creates entanglement. 

It is well known that a CNOT gate can be used to 
entangle two qubits. Indeed for an input product state 

|¥>i* = -^(|0)o + |l>c)®|0)r, (4) 

where the subscripts C and T refer to the control (po- 
larization) and target (momentum) qubits, respectively, 
the CNOT-gate output is the entangled state 

|*) O£r r = ^(|0) c |0) T + |l)c|l)r). (5) 

To create the input state \^)in HWP1 was set to ro- 
tate the signal polarization by 45° and the T-path of the 
idler beam was blocked, thus generating the desired state 
\^)in by post selection. For the output state analysis, we 
used BB2, HWP2, and PBS3 (state analysis I in Fig. 1) 
to project the output onto 

= [cos0 A |O) c + sin0 A |l) c ]<g)|O) T , (6) 
|tf} 2 = [cos0 A |O) c + sin0 A |i)c]®|l>T, (7) 

where 9 a is polarization analysis angle (equal to twice 
the angle setting) of HWP2. We measured the projected 
output as a function of 8a and obtained the expected 
curves of the signal-idler coincidence counts shown in 
Fig. The fits show a visibility of 98 ± 1% for and 
96.2 ± 0.8% for |$)a- These measurements alone, how- 
ever, do not imply that the output state is entangled, as 
a mixture of the two states |0)c|0)t and |1)c|1)t) would 
yield the same projective results. 

Similar to a test of two-photon polarization entangle- 
ment, it is necessary to make a projective measurement 



along |0) ± |1) in the momentum space with states such 
as 

|*> 3 = [cos^|O) c + sin^|l) c ]0 (I ° )t J_ |1)t) ,(8) 

|*> 4 = [cosfl A |0) c + sme A \l)c] ® (I ° )t ~ |1)r) (9) 

V2 

and verify that the coincidences follow the expected 
curves. To project the output state \%)out onto 1^)3 
and 1^)4 we used the state analysis setup II shown in 
Fig. ^ This was an interferometer for overlapping the 
L and R output beams of the CNOT gate at a 50-50 
beam splitter. The two arms of the interferometer must 
be matched to within a coherence length of the down- 
converted photons, which, in our case, was determined 
by the 1-nm IF placed in front of the detector. Two dove 
prisms, one that flipped the beam vertically and the other 
horizontally, were placed in the interferometer arms to 
obtain the proper orientation for the spatial overlap of 
the CNOT L and R outputs. By scanning the length of 
one arm of the interferometer and passing the photons 
through HWP3 and PBS4 the state was projected onto 

\*U= [cos^|O)c+sin^|l) c ]0 (l ° )r+ ^ |1)T) , (10) 

where the phase <j> is determined by the path length dif- 
ference between the two arms of the interferometer and 
9a is the polarization analysis angle. For <fi = and 
<\> = 7r we obtain states 1^)3 and|^ r )4, respectively. In 
the measurements we recorded the detected coincidences 
while scanning the length of one interferometer arm for 
different settings of the polarization analyzer (see inset 
of Fig. 21 for one of such traces). For each 9a the data 
points are fitted with the curve a + (3 sin 2 (St + 7) where 
a, f3, 5, and 7 are fit parameters and t is the scan time. 
The fitted maxima and minima are plotted in Fig. H The 
fitted curves in Fig.0|yield a visibility of 90.8 ± 0.8% for 
|^)3 and 91.7 ± 1.6% for | 4 , indicating an excellent 
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FIG. 4: Characterization of the entangled state \^)out by 
projecting it onto (circles) and (squares) for differ- 
ent analysis angles 8 a- The lines are fits to the data. A pump 
power higher than that used for Fig.|3]accounts for the higher 
coincidence counts. Inset: raw data for an interferometer scan 
with 9a = 25°; the line is a fit to the data. 

entangling capability of the CNOT gate. The curves are 
shifted by about 1° with respect to the expected value 



of 45°. We attribute this shift to an imbalance in the 
interferometer due to a deviation of the beam splitter 
reflectivity from 50%. 

In conclusion we have presented an implementation of 
a deterministic CNOT gate that uses the polarization and 
momentum degrees of freedom of a single photon as the 
control and target qubits, respectively. Based on a po- 
larization Sagnac interferometer with an embedded dove 
prism, the gate is built with linear optical components, 
is robust and does not require any active stabilization. 
This device, in conjunction with sources of entangled 
photons, can be utilized to create the four-qubit GHZ 
state, to investigate nonstatistical violation of Bell's in- 
equality 5] , and for efficient two-photon Bell's state anal- 
ysis 0. We believe these more complex entanglement 
sources together with single-photon two-qubit quantum 
logic can be used to perform special computational tasks 
in a variety of few-qubits quantum computing and quan- 
tum communication protocols. 
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